Abstract: Based on the multi-regional input-output analysis, this paper improves the four traditional input-output formulas about exports resulting in multi-regional carbon emissions spatial effects which include direct effect, indirect effect, spillover effect and feedback effect. And the latter two formulas are to measure the bidirectional influences of carbon emissions induced by regional exports between two regions. The results suggest that the direct effects of Chinese eight regions induced by national exports decreased from 1997 to 2010, and the indirect effects induced by national exports also decreased except the northern coastal region and the northwestern region in China. During this period, most of Chinese coastal regions had strong spillover effects induced by their own exports. The northern coastal region and the eastern coastal region had stronger feedback effects, while the southern coastal region had weaker feedback effects and Beijing-Tianjin region had the weakest feedback effect induced by their exports. All of the inland regions had strong feedback effects, especially for Northwest and Central China, induced by their exports. More attention should be paid to the inter-regional joint efforts in order to effectively achieve Chinese national carbon-reduction target.
Introduction
China's economy has grown dramatically under the trade policy of earning foreign exchange through exports since reform and opening up. According to the data released by the United Nations Center of Statistics in 2014, China's exports grew by an annual average rate of 12.4% from 1981 to 2012 based on the constant price of the year 2005, which was 2.3% higher than the annual average GDP growth rate for the same period. China has developed into the global production network and established its status as the world's factory, but it has always been in the middle of the Smile Curve, and obtains small amount of profit from export commodity per unit at the expense of heavy pollution. China has become the world's first large carbon emitter shortly after it became the world's first large exporter. Under the present situation of worldwide efforts to address climate change, low carbon economy becomes the only choice for China's sustainable development in the future. Economic globalization has greatly promoted the trade linkages in different regions, but it also creates some problems，among which China's carbon emissions resulting from exports have become one of the hot academic issues. China's carbon emissions accounting caused by international trade is investigated based on the national scale (Shui and Harriss, 2006; Peters et al., 2007; Weber and Mattews, 2007; Guan et al., 2008; Kahrl and Roland-Holst, 2008; Weber et al., 2008; Lin and Sun, 2010; Su and Ang, 2010; Yan and Yang, 2010; Zhang, 2012; Guo et al., 2010; Weitzel and Ma, 2014; Cui et al., 2015; Xia et al., 2015) . These studies focus on embodied carbon accounting and embodied carbon transfer. In addition, one region's economic development and knowledge innovation tend to produce spillover effects on the other region (Wang et al., 2002) , which means that one region's exports stimulate its own economic development and at the same time the other region's economic development; likewise, one region's exports cause not only its own carbon emissions but also the other region's carbon emissions, which, in turn, have spillover and feedback effects. Thus spillover effects and feedback effects of carbon emissions occur between two regions. However, the regional economic growth will also cause spillover effects and feedback effects in multiple regions. Direct and indirect effects of carbon emissions resulting from Chinese exports also occur in different regions. These environmental change effects are called the spatial effects of carbon emissions caused by Chinese exports. There are two main methods applied in the investigation into carbon emissions resulting from the national economy. One is the econometric analysis based on statistics. This method has a wide range of applications, but different indexes selected in an econometric model will produce different econometric analysis results and inter-regional feedback is not adequately addressed in an econometric model. The other method is the input-output analysis based on the national economy accounting, which has become a useful tool for exploring inter-regional feedback because of its systemic analysis of national economic structure as well as its relatively fixed research framework (Pan and Li, 2007) . The input-output analysis has been widely applied in the field of economy, resource and environment (Leontief, 1970) and extended to the interregional input-output analysis (Isard, 1951) and the multi-regional input-output analysis (Chenery, 1953; Moses, 1955) .
Most of the above studies focus on carbon emissions accounting based on input-output analysis including carbon transfer and carbon footprint. In essence, the carbon emission accounting is the total emission calculation which includes direct carbon emission and indirect carbon emission. The indirect carbon emission is not obvious, but it is based on the direct carbon emission. Regardless of indirect carbon emission accounting or direct carbon emission accounting, they all resulted from one regional final demand. In other words, carbon transfer and carbon footprint are the ultimate effects resulting from inter-regional production. This type of influence is always extending from one region to other regions. In fact, carbon transfer and carbon footprint are a kind of final one-way effect among regions. Similarly, feedback carbon emission is based on the spillover carbon emission, and feedback carbon emission is the inter-regional bilateral effect. Under the situation of globalization this kind of inter-regional bilateral effect cannot be neglected. The carbon emissions resulting from one regional export depends on the total exports as well as the carbon emissions produced by export per unit, that is, the capability of carbon emission resulting from China's exports. This type of capability of carbon emission reflects four spatial effects of carbon emission including direct carbon emission, indirect carbon emission, spillover carbon emission and feedback carbon emission. The main content of the foreign trade structure optimization of China's 12th Five-Year Plan outline is to "Continue to stabilize and expand external demand, accelerate the transformation of the modes of foreign trade growth, and promote scale expansion of international trade transition to quality and efficiency". With the increasing exports, the accounting of the total carbon emissions produced by total exports is needed but the parsing of the capability of carbon emission caused by exports in different regions is more important because it provides a basis for making decisions on promoting the environmental benefits. This paper aims to pursue this line of study.
This paper measures four spatial effects of carbon emission caused by China's exports in two fields: One is to measure China's direct and indirect carbon emission increments in different regions caused by national exports; the other is to measure the inter-regional spillover and feedback carbon emission increments caused by regional exports. The four spatial effects of carbon emissions caused by China's exports are based on the multi-regional input-output analysis. In this paper the specific methods to measure spatial effects of carbon emissions caused by China's exports are introduced in the second section. The calculation results and the analysis of the four spatial effects are presented in the third section. At last we provide some policy suggestions about carbon emission reduction.
Data and methodology

Data
The data used in this paper are from four multi-regional input-output tables of the years of 1997 , 2002 (Zhang and Zhao, 2005 Liu et al., 2012; . For lack of relevant data, the specific regions of these input-output tables only include 30 provinces of mainland China except Tibet, Hong Kong, Macau and Taiwan. The data of primary energy-related carbon emission by using IPCC method are from China energy statistical yearbook 1998, 2003, 2008 and 2011 . The 30 provinces are divided into eight regions, with each region having four sectors. The eight specific regions are expressed respectively: 1. The northeastern (NE) region including Liaoning, Jilin and Heilongjiang; 2. The Beijing-Tianjin (BT) region including Beijing and Tianjin; 3. The northern coastal (NC) region including Hebei and Shandong; 4. The eastern coastal (EC) region including Shanghai, Zhejiang and Jiangsu; 5. The southern coastal (SC) region including Fujian, Guangdong and Hainan; 6. The central (CT) region including Shanxi, Henan, Anhui, Hubei, Hunan and Jiangxi; 7. The northwestern (NW) region including Inner Mongolia, Shaanxi, Ningxia, Gansu, Qinghai and Xinjiang; 8. The southwestern (SW) region including Sichuan, Chongqing, Guangxi, Yunnan and Guizhou. And the four specific sectors are agriculture, industry, construction and services. This study focuses on China's different regional capability of carbon emissions caused by exports in the same year, therefore, all the economic data are current price of that year.
The measurement formulas of direct and indirect effects of carbon emissions caused by national exports
Suppose there are two regions and each region has sector n, Leontief formula can be expressed as follows:
Here X is the total output column vector caused by export, I is the identity matrix, A is the direct input coefficient matrix, L is the Leontief inverse matrix, Y is the final demand column vector, P is the export structure vector and y is the total export. When the direct carbon emission coefficient row vector E is introduced, formula (1) can be expressed as follows:
We diagonalize the related vector of formula (2), it can be expressed:
where C is the spatial distribution matrix of carbon emission caused by export. The superscript ^ means the related vectors diagonalization. W is the spatial distribution matrix of direct carbon emission caused by export, it means direct effect of each regional carbon emission caused by China's exports. W is the spatial distribution matrix of indirect carbon emission caused by export, it means indirect effect of each regional carbon emission caused by China's exports. The element tr ij w of matrix W reflects an additional increment of direct carbon emission of the sector i in the region t induced by the sector j in the region r when China's exports increase one unit, similarly, the element tr ij w of matrix W reflects an additional increment of indirect carbon emission of the sector i in the region t induced by the sector j in the region r when China's exports increase one unit. Thus we can measure each regional direct and indirect spatial effects of carbon emissions caused by China's exports through formula (4).
The measurement formulas of spillover and feedback effects of carbon emissions caused by regional exports
The feedback effect of inter-regional economic growth based on input-output was not separated from spillover effect in the earlier research (Miller, 1963) . In the later studies, spillover effect was separated from feedback effect of inter-regional economic growth (Round, 1985; Sonis et al., 1993; Dietzenbacher, 2002; Pan and Li, 2007 , .
In formula (5), the first item means the intra-regional multiplier effect, the second item refers to the inter-regional spillover effect, the third item represents the inter-regional feedback effect. When we introduce summation operator of identity row vector (1 1 1),
 
 we can get the inter-regional specific spillover effect and feedback effect, they are expressed as formulas (6) and (7) respectively (Pan and Li, 2007) :
where tr SO is the row vector of inter-regional specific spillover effect of economic growth, the element tr j SO means the increment of total output of region t when the sector j of region r increases an additional unit of final demand, while FB rr means the row vector of interregional specific feedback effect of economic growth, the element rr j FB means the increment of total output of region r when the sector j of region r increases an additional unit of final demand via region t. When the summation operator of identity column vector θ is introduced, formula (5) can be transformed as follows: 
And furthermore, we introduce direct carbon emission coefficient diagonal matrix E   1 2 { , }, diag E E and take it as the left multiplication of formula (8), and then we can get the second item and the third item of the right of formula (8), expressed as follows: 
Similar to formulas (6) and (7), with the introduction of summation operator of identity row vector α, the spillover effect and feedback effect of inter-regional carbon emission can be expressed as formulas (9) and (10):
where CSO tr means the row vector of inter-regional specific spillover effect of carbon emission, the element tr j CSO means the increment of carbon emission of region t when the sector j of region r increases an additional unit of export. CFB rr means the row vector of interregional specific feedback effect of carbon emission, the element rr j CFB means the increment of carbon emission of region r when the sector j of region r increases an additional unit of export via region t. Thus, one regional spillover and feedback spatial effects of carbon emissions caused by the other regional exports can be measured by formulas (9) and (10).
Results
The spatial distribution of direct and indirect carbon emissions caused by exports
According to China statistical yearbooks, the eastern coastal region including Shanghai, (Figure 1 ).
Figure 1 The share of Chinese eight regional exports during 1997-2010
Keeping the export structure of the relevant years unchanged, this paper takes 0.1 billion yuan as a unit. Increments of direct and indirect carbon emissions for each of the eight regions calculated through formula (4) are shown in Table 1 when China's exports increase 0.1 billion yuan for 1997, 2002, 2007 and 2010, respectively . Take the year 1997 as an example, when the national exports increase 0.1 billion yuan, the total carbon emissions of the northeastern region will increase 1671 tons, among which the direct carbon emissions induced by the region itself are 551 tons and the indirect carbon emissions induced itself 713 tons, the indirect carbon emissions induced by the eastern coastal region and the southern coastal region are 148 tons and 137 tons, respectively. The results for 2002, 2007 and 2010 shown in Table 1 can be explained in the same way.
As shown in Table 1 , the eastern coastal region and the southern coastal region rank top in both direct and indirect carbon emissions induced by the national exports, which are closely related to their dominant positions in China's total exports. However, during the period from 1997 to 2010, the direct and indirect carbon emissions of these two regions caused by an increment of 0.1 billion yuan of national exports have declined, showing that their trade quality have been improved during this period. For example, the increment of total carbon Note: carbon emissions here mean the sum of the increments of all the regions of all industries caused by an increment of 0.1 billion yuan of China's exports. The indirect carbon emissions caused by exports within the region means the carbon emissions of other sectors caused by the export sector in the region. The change for the southern coastal region during this period is similar. Besides, the share of direct carbon emissions induced by the southern coastal region itself in its increment of total carbon emissions caused by the increase of national exports ranks the highest. In other words, the southern coastal region has the lowest share of indirect carbon emissions induced by the other regions in total carbon emissions induced by national exports, implying that this region has a relatively weaker economic relation with the other regions because of its engagement in processing export trade. Overall, in terms of the share of the direct carbon emissions induced by the regions themselves in their increments of total carbon emissions caused by national exports, the northern coastal region, the eastern coastal region and the southern coastal region rank top among the eight regions. As these three regions are the major exporters in China, decreasing their direct carbon emissions will play a significant role in promoting the environmental benefits of China's foreign trade. What is more, although it has low volume of exports, the central region's indirect carbon emissions induced by other regions cannot be ignored since it is the main region of energy output in China. It is also found that while for most regions the direct and indirect effects of carbon emissions induced by national exports have both decreased from 1997 to 2010, the northern coastal region and the northwestern region experienced an increase in the indirect effects of carbon emissions from 2002 to 2010. Specifically, for the northern coastal region the share of the carbon emissions induced by itself in its total indirect carbon emissions reached 62.6% in 2010, while the share for the northwestern region is only 18.7%, making it the only region with an increasing indirect effect of carbons emissions induced by other regions. Put it another way, the northwestern region has become the major source of carbon emissions induced by national exports, with Inner Mongolia, Shaanxi and Xinjiang being the main coal-producing regions in China.
The spatial distribution of spillover and feedback effects of carbon emissions caused by regional export
This section will parse the mutual effects of inter-regional carbon emissions on the regional level, namely the spillover and feedback effects of carbon emissions induced by regional exports. Since the eastern coastal region and the southern coastal region play dominant roles in China's exports, the spillover and feedback effects of carbon emissions induced by their respective exports from 1997 to 2010 are obtained by formulas (9) and (10), shown in Figures 2 and 3 .
As to the spillover effects shown in Figures 2 and 3 , when the eastern coastal region increases its exports by 0.1 billion yuan in 1997, agriculture in other regions would increase its respectively. As shown in the calculated results, carbon emissions in the southern coastal region as a result of feedback effects in all sectors had declined from 1997 to 2010 while an increasing trend could be seen in industry and construction from 2002 to 2010. On the whole, regarding to the spillover and feedback effects of carbon emissions induced by regional exports from 1997 to 2010, industry had been of great significance both in the eastern coastal region and the southern coastal region, while in agriculture and construction, they are of little influence. Furthermore, the inter-regional linkages are analyzed by calculating the ratio of carbon emissions induced by spillover effects and feedback effects for every region and the results are shown in Table 2 . Specifically, comparisons of the ratio of carbon emissions induced by spillover effects and feedback effects of industry are made in the eastern coastal region and the southern coastal region. As Table 2 shows, the ratios of the eastern coastal region in 1997, 2002, 2007 and 2010 are 35.4, 51.6, 51.4, and 58.7, respectively , and the ratios of the southern coastal regions in the four years are 80.6, 107.3, 108.3, and 97.5, respectively. Although the carbon emissions induced by 0.1 billion yuan's increment in national exports from 1997 to 2010 are nearly the same in these two regions, the carbon emissions induced by feedback effects for the eastern coastal region are much higher than those in the southern coastal region, indicating that the eastern coastal region had a much closer relationship with the rest of the regions in energy (carbon emissions) connections than the southern coastal region did. The coastal region's economic growth has a great dependence on the market outside. Particularly, the eastern coastal region has a large economy of manufacturing and processing industries so that it demands plenty of intermediate inputs. So the eastern coastal region has a much stronger connections with the domestic economy and the carbon emissions induced by the eastern coastal region, both within and outside the region, are high. In contrast, the southern coastal region has a high percentage of processing trade and relies more on the international market, leading to relatively weaker inter-regional effects on the domestic economy. Relevant research on the impact of exports based on the inter-regional economic linkages also demonstrates that the southern coastal region has a high dependence on the processing trade because of its substantial participation in the international market rather than in the domestic market. By comparison, the eastern coastal region relies much on both the international and the domestic market (Shi et al., 2006) . Different from these two regions, the northeastern region, the northern coastal region, the central region, the northwestern region and the southwestern region are more closely linked to the domestic market outside their own regions.
Shown in Table 2 , the ratio of carbon emissions induced by spillover effects and feedback effects of the four sectors for the above five regions are much lower from 1997 to 2010. These five regions have strong feedback effects of carbon emissions as they were the main providers of high energy-consuming products for the other regions and thus rely much on the other regions' development. Besides, the Beijing-Tianjin region remained the highest ratios as this region had strong spillover effects of carbon emissions but weak feedback effects on the other regions from 1997 to 2010. Though being one of the fastest-growing regions in Bohai Rim, the Beijing-Tianjin region doesn't develop effective mechanism for sharing its economic resources with other regions due to its special administrative function orientation. And this region consumes lots of energy-and resource-consuming products from other regions, causing lots of carbon emissions to spill over to the other regions. This finding provides further evidence for the view that unlike the other regions, the Beijing-Tianjin region has not developed efficient radiation power to stimulate the development of the other regions yet.
Conclusions
Exports have been a primary driving force for Chinese economic growth. The carbon emission resulting from one regional export depends not only on total exports, but also on carbon emissions per unit of export, that is, the capability of carbon emissions resulting from China's exports. Research on the spatial distribution of capability of carbon emissions resulting from China's different regional exports is of great significance for effectively achieving Chinese national carbon-reduction target in order to transform the mode of foreign trade growth. This paper improves four traditional input-output formulas of exports resulting in multi-regional carbon emissions spatial effects to parse the capabilities of carbon emissions caused by China's exports for different regions. The former two formulas carefully distinguish among the provincial sources of direct and indirect carbon emissions, providing a more scientific approach to delaminating responsibility for emissions and carrying out ecological compensation. The latter two formulas apply the concepts of spillover and feedback effects from inter-regional economic development to the analysis of problems concerning resources and environment. Main conclusions obtained in this empirical analysis are as follows.
(1) From the point of view of one-way effect of carbon emissions induced by national exports, the direct effects of Chinese eight regions induced by national exports decreased from 1997 to 2007, and the indirect effects also declined in all the regions except the northern coastal region and the northwestern region from 2002 to 2010. To be specific, the eastern coastal region, the southern coastal region and the northern coastal region rank top in the direct carbon emissions induced by national exports, while in the indirect carbon emissions, the first three places were occupied by the central region, the northwestern region and the southwestern region. From the point of view of inter-regional bilateral effect of carbon emissions induced by regional exports, the eastern coastal region, the southern coastal region and the Beijing-Tianjin region had strong spillover effects induced by their exports from 1997 to 2010. As to the feedback effects, the central region and the northwestern region were the strongest, while the Beijing-Tianjin region was the weakest. Besides, industry was always the one that had the strongest spillover effects as well as the strongest feedback effects of carbon emissions for all the regions induced by their own exports.
(2) Since reform and opening-up, the implementation of the strategic thought of "two overall situations" makes the coastal regions in the downstream of the production chains of export products and the inland regions locked in the upstream. From the traditional point of view of one-way effect of carbon emissions induced by national exports, the coastal regions should pay more attention to the direct effects of carbon emissions while the inland regions should focus on the indirect effects, which are reconfirmed in this paper. Based on the inter-regional bilateral effect of carbon emissions induced by regional exports, the northern coastal region and the eastern coastal region gain considerable feedback carbon emissions while lots of carbon emissions spill over to these regions. But the southern coastal region with a high level of processing trade gains relatively less feedback carbon emissions. At the same time, as the Beijing-Tianjin region doesn't develop effective economic connections with the other regions as a result of its special administrative function orientation, this region gains little feedback carbon emissions. In contrast, since the northeastern region, the northwestern region, the central region and the southwestern region have strong bilateral economic relationships with the other regions, they have strong feedback effects of carbon emissions as well as strong spillover effects of carbon emissions. More specifically, the northwestern region and the central region, where many provinces rich in energy resources are concentrated, gain much more feedback carbon emissions than the northeastern region and the southwestern region do.
(3) Regional emission reduction policies at present are mostly top-down task decomposition from the state to provinces, cities and counties with clear vertical hierarchy. However, taking inter-regional economic connections into consideration, we should pay more attention to inter-regional joint efforts to reduce carbon emissions so as to avoid carbon leakage and contribute to effectively achieving the national carbon-reduction target. Since the capability of the carbon emissions resulting from China's different regional exports vary across different regions as shown in this paper, 'one-size-fits-all' regional emission reduction policies are unreasonable. In this case differentiated regional emission reduction policies should be adopted. That is, the reduction policies adopted should be in line with local conditions. Specifically, in the coastal regions, enhancing energy efficiency should be the focus for the northern coastal region and the eastern coastal region; "import substitution" policies can be adopted by the southern coastal region that is heavily dependent on the international market; for the Beijing-Tianjin region, importance should be attached to breaking up the administrative boundaries to promote its economic radiation capability and helping other regions improve energy conversion efficiency so as to decrease the carbon leakage. Meanwhile, the inland regions are encouraged to adopt industrial diversification strategy to change the simplified energy-and resource-based trade pattern with other regions. Top priority should be given to the improvement of the energy conversion efficiency in the northwestern region and the central region and then in the northeastern region and the southwestern region. This measurement is useful for inland regions to reduce carbon emissions within and outside the regions in the case of bilateral effects of carbon emissions induced by regional exports.
(4) Based on the multi-regional input-output analysis, this paper improves four traditional input-output formulas about exports resulting in multi-regional carbon emissions spatial effects which include direct effect, indirect effect, spillover effect and feedback effect. Approaches employed in this paper can be also applied to more complex elements of human-land relationship in regional sustainable development analysis, such as the spillover and feedback effects of carbon emissions caused by investment and consumption. Another application of the approaches is to parse the emissions of other environmental pollutants including sulphur dioxide and industrial wastewater induced by final demands. In addition, the formulas given in this paper can also be used to investigate regions at the Municipal and county level other than the large-scale sub-national regions. In brief, the measurements of spatial effects utilized in this paper have a wide range of applications.
